Abstract--An increasing amount of distributed generation in the future grid will be connected at the customer's point of connection. The generation within the low voltage grid will affect the power quality of customers connected to this grid. Hence, the concept of a Smart MV/LV transformer as a part of the Smart MV/LV substation is discussed in this paper. The main aims are to support the accommodation of distributed generation among the LV grid and to ensure that the voltage levels will comply with the power quality standards for all customers connected to that grid.
I. INTRODUCTION
Nowadays, electricity is the backbone of our society and industry. Electricity consumption has been steadily increasing over the last decades and continuous growth is expected for the years to come. The reliability and quality of this electricity supply are inherent needs of our lives. The design and commissioning of the electricity grids is a long term task. Today's grids were designed some decades ago and most of them will be in operation for following decades. Every change of the grid's structure involves a huge amount of administration, planning and monetary resources. Therefore, future developments should be assessed with a suitable approach and today's grids should be as a steady part. Hence, newly designed grids should be able to handle and cooperate with the future components and customer's appliances for upcoming several decades. It will be not an easy task for the grid planners, because the traditional supply paradigm is going to change in the near future. The present (more or less) unidirectional power flows are going to change and will become more complex. One of the challenges in the future electricity grid will be the increasing penetration of renewable resources connected directly at the customer's point of connection (POC).
Due to the grid's design, the medium voltage (MV) to low voltage (LV) substation is an interesting spot, where it is possible to take some action to improve the power quality (PQ) of the customers' voltage. The PQ could be improved or has to be maintained to comply with the standards for supply voltage. In recent years, the supply voltage standards have increased the requirement on the supplied voltage and a further tightening of the standards will be expected in the years to come. One of the most important requirements for customers is the voltage level at their POC. Today's substations do include nor the PQ monitoring or devices to take the action in order to improve the PQ at the customer's POC [1] , [2] .
The future grids should be familiar with the concept of the distributed generation (DG) which will take place near the consumption. Among others, the DG concept leads to a decrease of the losses of the networks, the possibly to handle the increasing demand with current grid structures and an increase of the independency of involved parts of the networks. On the contrary, the increasing penetration of DG could have side effects on the PQ for the customers. One of the fundamental premises for future grid with DG generation is the need to keep the voltages at the POC conformable to the PQ standards. Also, the power flows within the grid should be within the limits given by the network constraints [3] , [4] , [5] .
The traditional design of the MV/LV substation consists of an MV/LV transformer, where the tap adjustment is possible only as an off-line operation. The concept of a controllable (smart) transformer, as a part of the intelligent substation, will allow the on-line control of the voltage on the LV side of the transformer [6] .
Therefore, different strategies for the voltage control of the smart transformer's tap position and their impact on the voltages at the POCs are discussed in this paper.
The limitations of present day's grids with regard to the accommodation of DG are pointed out (section II). The maximum amount of DGs connected to the standard grid configuration is presented (section III). Afterwards, the concept of intelligent substation and smart transformer is described (section IV) and the different control strategies for the smart transformer are discussed (section V). In order to demonstrate the impact of the DGs dispatched to the LV grid, we assume a grid situation of the LV grid with aggregated DGs in one feeder, see Fig. 1 . A considerable amount of DGs is connected to feeder one (57kW/phase, equally spread) and during the low load (16kW/phase) they will significantly change the voltage profile for the POCs connected to the feeder with DGs, see Fig. 2 . The minimum loading value is based on measurements taken in several MV/LV substations and the load is spread equally between the feeders.
Without voltage control, the voltage profile for the all POCs will change and the POCs connected at the feeder with DGs will suffer from overvoltage, as shown in Fig. 2 , where, the red dashed lines represent the voltage limits of the supply voltage (±10% U n ), (discussed in [7] , [8] ). The customers connected beyond the POC-10 in feeder 1 will suffer from higher voltage, not complying with the standard for supply voltage. But this is only one of the possible configurations (not the worst case), which will be further explored.
III. EXAMINED GRID SITUATION
The examined grid model was based on a typical situation in the Dutch LV network. The modeled grid consists on a typical MV/LV substation (with a 400kVA transformer) supplying 240 POCs, which are equally distributed among four feeders. This results in 60 customers on each feeder and 20 connection points for each phase. The loading of the grid represents a typical loading of a grid of this size and is based on measurements in several MV/LV substations in the Netherlands. In the model, each feeder is protected by 250A fuses, limiting the load and generation connected via this feeder, see Fig. 1 and Fig. 4 .
The future grid will be challenged by the connection of a considerable amount of intermittent DGs supplying the grid. For instance, high penetration of photovoltaic generators, connected to the LV grid, will represent a considerable fluctuating generation. Therefore, a sudden increase or a sudden decrease of the generation will affect the voltage profile for all customers connected to the grid almost simultaneously. On the one hand, the future grid should be able to handle these fluctuations and provide customers with a high continuity of supplied electricity. On the other hand, the future grid should also be able to accommodate the considerable amount of DG without degradation of the voltage levels for the customers connected.
Therefore, the examined voltage control strategies are applied for the LV grid configuration with a maximum allowable amount (due to the grid's constraints) of DG dispatched to three of the feeders. In the examined grid simulations is always considered one feeder without DG. This should represent the scenario, where the DGs are dispatched in other feeders resulting in the voltage rise in these feeders. And at the same moment, the feeder without DG will be affected only by the voltage drop due to its loading without DG. Hence, the voltage difference between these feeders will be the highest one. The network's constraints are taken into account, limiting the generation dispatched. In accordance with the grid's constraints, the amount and the place of the generation from DGs was estimated with the aim to present the worst combination from the voltage level point of view. Table I provides the locations and connections of the DGs in the examined LV grid situation. The total load profile of the LV grid, the generation profile of the DGs (photovoltaic generators) and only the consumption component of the examined LV grid without generation are depicted in Fig. 3 . The described profiles are based on real measurements in the MV/LV substations and on output of PV generators.
IV. SMART TRANSFORMER MV/LV transformers used today have a manual tap changer (off-line change). The tap position is usually set to offset the expected voltage drop among the LV feeder and the voltage drop on the transformer during high load. Therefore, the concept of an intel equipped with intelligent controllable tr attenuate the concerns about voltage with high penetration of DG.
The smart transformer is in its n transformer which is equipped with operating tap changer. This allows position online with small voltage step range of voltages in order to reach the the LV side voltage given by the co Therefore, the voltage at the LV side is linked to the loading of the MV grid [6] V
. CONTROL STRATEGIES FOR T TRANSFORMER
The smart transformer will be ab voltage of its LV side. However, in o accommodation of DG in the future gr of DG should not be restricted or limite in the grid. The dispatch of the DG conn a rise in voltage. This will depen impedance to the POC with connected D DGs connected at the end of the feede worst case scenario for the voltage prof resulting in significant voltage increase Taking into account the DGs dispatch and the load profiles, different control s impact on the voltage levels for the cus has been investigated, as follows:
A. Control of the bus bar voltage
This control method is based on the the bus bar voltage at the substation w value (U n =230V). The main advantag strategy is the implementation measurements within the substation a Fig.4.) , diminishing the require communication infrastructure.
B. Constant voltage on the end of the fe
In that case, the control of the position is based on the presumption, th the end of all feeders (points 2) will be position will be chosen in order to re average among all the ends of feed lligent substation, ransformer aims to levels in the grid nature a MV/LV an electronically changing its tap ps and in a broad e desired value of ontrol mechanism.
no longer directly ].
THE SMART ble to control the order to allow the rid, the connection ed by its placement nected will lead to nd on the grid's DG. Therefore, the er will represent a file in the LV grid, [4] , [9] . hed to the LV grid strategies and their stomers connected e assumption, that will keep constant ge of this control of all control alone (point 1 in ements on the eeders transformer's tap hat the voltages at e assessed. The tap each U n value on ders. This method requires a smart metering infr end of the feeders) in order voltage levels and communica substation.
C. Assessing all voltages of all
The last examined contr transformer's tap position measurements taken among a LV grid (points 3). The aim is at desired values U n on averag POCs connected have to be as in real time to the substation position of the smart transform previous mentioned strategie highest requirements on the com and on the smart meters. [8] .
Moreover, in order to com current situation, the voltage configuration of DGs dispatche transformer have been assessed the results presented, the volta grid situation without the sm comply with the standard for customers connected at the feed take place will suffer from ov 
A. The bus bar voltage stays constant
In accordance to this voltage control transformer will adjust its tap position in order to keep the voltage at the bus result of this control method, the volta POC are depicted in Fig. 6 . With this co voltage levels at all POCs will comply for supply voltage. Near the transfor tend to be the steadiest near the desired even the voltages at the end of the generation take place, are within the lim the outliers in Fig. 6 at the POCs at the e
B. The voltage at the end of the feeder s
In accordance to this voltage control transformer will adjust its tap position the average voltage at the end of the fee voltage levels for each POC are depicte er voltages for all p position of the order to offset the ng high load (also Gs will lead to a r voltage drop on er voltages in the without DGs), see method, the smart at every moment, s bar steady. As a age levels for each ontrol strategy, the y with the standard rmer, the voltages d value. However, feeder, where the mits (U n ±10%), see end of the feeder. stays constant method, the smart n in order to keep eders constant. The d in Fig. 7 . All the levels of voltage for all POCs limits given by the stand EN50160 [8] . The control adju voltages at the end of the fee inhomogeneous generation in higher voltage spread among th corresponds to the voltage feeders, where the generation without generation, see Fig. 7 .
C. Assessing all voltages of all
The last examined control m profiles of all POCs connect proposed control approach. method is to keep all POCs c voltage on average (U n ). The e in Fig. 8 . All voltages at complying with the standa EN50160 [8] . Moreover, all vo (U n ±10%). The majority of the percentile in Fig. 8 ) have only from the U n value. Therefore, will experience only relatively voltages from U n .
However, the real time as among the whole LV grid will data infrastructure (the worst am strategies). LV grid for each POC, the tap he average voltages at the end of B).
VII. RECOMMENDATION FOR IMPLEMENTATION
The examined strategies have shown the impact of the smart transformer on the future grid. Without the smart transformer, the decentralized generators are limited in the dispatch of their energy. The location (the grid's impedance) from the substation plays a fundamental role in voltage rise among the LV grid without the voltage control. The voltages in this case will not comply with the supply voltage standard; see Fig. 5 and Fig. 9 . This will be reflected on the technically feasible amount of DG accommodated in such a kind of LV grid. In this case, the DG will be restricted by their size and their location in the LV grid.
The examined voltage controls of the smart transformer have shown significant improvements in the voltage levels for all POCs connected. In the LV grid with the smart transformer, the voltages at all POCs will be complying with the supply voltage standards for all examined methods with the smart transformer.
The different voltage profiles for the POCs are reflecting the control strategies for the transformers tap position. Among all POCs, the differences in voltage control approaches are not significant. The mean values and the standard deviation of the voltages for all POCs for are presented in the Table II. The voltage profiles over all POCs for each control method and for the strategies without the smart transformer (method No) are depicted in Fig. 9 . The median values and the 25 th and 75 th percentiles are in relatively small intervals. On one hand, as depicted in Fig. 9 , the highest voltage values (with the smart transformers) for outliers are for the method A. However, it has to be pointed out; these outliers are the voltage values at the end of the feeders due to the concentrated generation in the end of the feeders, see Table I . A similar situation represents the worst case scenario and will be nearly never the real grid situation. On the other hand, the method A represents the easiest method for implementation, where the requirements on the smart metering infrastructure and on the data processing from the SM are diminished. The real time measurements for assessing the tap position will take place within the substation alone. Therefore, the substation implementation will be significantly simplified. With this control approach, the substation equipped with the smart transformer might be also used for current grids without SM infrastructure as a modular solution.
The estimated voltages for the same voltage control method without DG was assessed as well, see Fig. 10 . Where only the load component of the load, see Fig. 3 , is taken into account. Inter alia the presence of load component alone will decrease voltage spread for each POC, because the voltages along all the feeders in examined grid situation without DG are only decreasing.
VIII. CONCLUSIONS
This paper addresses the importance of the voltage control for the future grids. Where high penetration of distributed generators, dispatched to the distribution network, might cause unwanted voltage rises for the customers connected to this grid. Moreover, the voltage fluctuations in the medium voltage grid might be amplifying this effect in subsequent low voltage grids. Due to the different mixture of generators in the future grid, the voltages for the customers might be easily driven out of the limits forced by supply voltage standards.
The concept of smart transformer, as a part of the smart substation in future grid, is presented in order to attenuate this unwanted effect on the voltage profile for the connected customers. In comparison to the current grid situation, the implementation of the smart transformer will significantly improve the voltage profiles for all customers connected.
The simulations point out, that the standard low voltage grid equipped with the smart transformer will be able to accommodate the distributed generators (up to the technical limits given by the grid's constraints), regardless to their location among the feeder. And the voltage profile of the customers will still comply with the supply voltage standards. Therefore, a future grid will be more flexible in regard to the accommodation of the distributed generators.
In addition, the implementation of the smart transformer will attenuate the fluctuations of the medium voltage grid and contribute to the improvements of the supplied voltage quality for the customers.
This paper presents the control strategies of the smart transformer and takes into account the requirements of the smart metering infrastructure. The proposed solution will assure the voltage profile complying with the supply voltage standards in the future grid. Moreover, the implementation will be feasible also for present day grids without smart metering infrastructure.
